ABSTRACT: This paper examines a diagnostic model based on the concept of cause-and-effect diagramming and fuzzy pattern recognition, which contributes a new methodology for diagnosing engineering problems. Three examples are presented to demonstrate the feasibility of the model in diagnosing crack formations in reinforced concrete structures. Two levels of parameters representing the causes of cracks in concrete are used to form fuzzy sets. The parameters represent the materials used, fabrication of structural elements, loading, and environmental conditions. An expert system that links the parameters by means of fuzzy set theory is constructed using finite universal sets consisting of membership functions and fuzzy vectors. Pattern recognition is used to identify a fuzzy vector that represents the most likely causes of the crack.
INTRODUCTION
Concrete is a versatile building material that has been used widely in construction since the invention of cement in 1824. Major concrete structures include dams, bridges, highways, buildings, and pipe systems. Because concrete is strong in compression but weak in tension, concrete structures often develop cracks that ultimately affect the performance of the structure. The assessment of cracks in concrete members of existing buildings is a complex process that requires information on the aggregate used, mixing and curing, the properties of the concrete, and loading conditions. In addition, shrinkage and creep often compound the degree of complexity to the extent that engineers are unable to pinpoint the precise causes of cracks or accurately predict the behavior of the cracked concrete structural elements.
In general, concrete develops cracks because of one or more of the following reasons: abnormal setting of cement paste, heat of hydration and expansion of cement paste (Lea 1971; Soroka 1979) ; alkali aggregate reactions, poor gradation of aggregate (ACI Committee 221 1961); inadequate mixing, concrete construct defects (Powers 1968; ACI Committee 302 1971; ACI Committee 304 1972; ACI Committee 308 1971) ; overloading or abnormal loading, and other factors. Traditionally, assessment of cracks in concrete structures was done by experienced engineers only; however, expert systems have been developed to conserve time, make expertise more widely available, and simplify decision making. Similar expert systems have been successfully used in medicine (Shortliffe 1976; Adlassnig 1982; Binaghi 1990) , mineral exploration (Duda and Reboh 1984) , structural analysis (Bennet and Engelmore 1979; Adeli 1988; Adeli and Balasubramanyam 1988) , construction material selection (Clifton and Oltikar 1987) , and building repair technology (Kalyanasundaram et al. 1990; Wang et al. 1991) .
The causes of cracking in concrete are complicated and interrelated, and the characteristics of cracks are difficult to describe precisely. These characteristics include how long after casting cracks develop, the depth of cracks, whether cracks are regular or irregular, the types of concrete members that de-velop cracks, crack patterns, and crack locations. Fuzzy set theory (Zadeh 1965 ) has been used to describe similar characteristics successfully in the field of medical diagnostic systems and in pile type selection (Mishido et al. 1990 ). Pattern recognition has been applied in linguistic pattern search techniques , character recognition (Chatterjii 1982) , texture classification (Hajnal and Koczy 1982) , and earthquake engineering Ishizuka et al. 1982; Watada et al. 1984) .
Cause-and-effect diagrams have been employed in construction management to classify the relationships between defects and their causes. These diagrams and fuzzy pattern recognition can be combined to identify fuzzy relationships between the cause of cracking and the characteristics cracks exhibit. In this paper we propose a two-level system for compiling data on the causes of cracks; the method can be extended to more levels if necessary.
MATHEMATICAL MODELING
An attempt was made to explore the feasibility of using fuzzy pattern recognition in the investigation of concrete structures exhibiting cracks. The concept of fuzzy set theory and pattern recognition may be new to readers in the field of concrete, so this section briefly describes some important terminology used in this paper.
1. Membership function. In fuzzy sets, an object's membership in a set may be whole, partial, or nonexistent. The degree of membership is expressed as its membership function, which is defined as follows: If X is a collection of objects denoted by x, then a fuzzy set A in X is a set of ordered pairs A = {(x, J.lA(x»lx EX}. J.lA(X) is called the membership function of object x in A. The membership function is a real number 0 :s; J.l..i(x) :s; 1. 2. Fuzzy vector. A fuzzy set defined by a finite universal set X = {Xl> X2, ... , x n } can be represented by a vector A = (al> a2, ... , an), where ai = J.lA(Xj), i = 1, 2, ... , n.
3. Fuzzy relation. Fuzzy relationship is an important concept in fuzzy set theory. A relationship is an association between elements, which is also called a mapping because it associates elements from one domain with those in another domain. Let X, Y~U be universal sets. Then, R = {«x, y), f. '-..(x, y»!(x, y) 60, 70, 80) .
A cause-and-effect diagram is shown in Fig. I ; the cause parameters can be divided into several groups according to their properties. We call these groups the primary-level cause parameters and denote them by V = {V., V 2 , ... , V n }. Each primary-level cause parameter contains several subparameters, which are known as secondary-level cause parameters and expressed as Vi = {Vi., Vi2, ... , Vim} (the number of levels can be extended if necessary). Q = {q., q2, ... , qr} is the crisp universal set of all characteristics.
Linguistic variables are used to describe the degree of relationship between a cause Vi and a characteristic qb which is defined as a set A = {very_low, low, medium, high, very_ high}. Then, the fuzzy set is defined as A(x), x = {O, 0.1, 0.2, ... , 1.0}, and the membership function is defined as f.L..i(x) = Sex; 0, 0.5, 1.0), x E X, where X is the relation space. Linguistic variables are also used to describe the degree to which it is confirmed that a characteristic qk is exhibited, which is defined as a set B = {very_low, low, medium, high, very_ high}. The fuzzy set is then R(x), x = {O, 0.1, 0.2, ... , 1.0}, and the membership function is defined as f.Ls(x) = Sex; 0, 0.5,
where Y is the confirmation space.
In this paper, the membership functions of the element sets A and B can be chosen from among the following equations: 
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ft(x; a,~, -y) = Sex; a,~, -y)
where Sex; a, 13, 'Y) is an S-function that is often used in fuzzy sets as a membership function and in this paper is defined as follows:
where x = 0.8. The membership functions are illustrated in Fig. 2 . For the primary level, we can define a fuzzy relation R (1) on the set Q X V in which membership function f.LA<ll(qj, "}),
indicates the degree of relationship between characteristic qi and cause "l. This relation can be expressed in matrix form:
For the secondary level, using the cause parameters for each "l, define a fuzzy relation Ry) on the set Q X \oj in which the membership function f.LiiJ2)(qn 11,), (qs E Q, Vj, E "l) indicates (4) x::5a
the degree of relationship between characteristic qs and cause Vj" ay) can also be written in matrix form:
where "'1st = J.LA:(q.. vI'); S = 1, 2, ... , h; t = I, 2, ... , m; and j = 1,2, ... , n.
An observational fuzzy vector P can be defined on a set Q = {ql> q2, ... , qr} to indicate the degree to which it is_con-firmed that a particular crack characteristic is exhibited. P can 
After Vi is selected, a fuzzy vector "ik on Q(2) =: {ql> q2, ... , qp} is defined as a fuzzy pattern on the secondary level. This vector can be expressed as follows:
For the secondary level, using "II' l\b p(2), W(2), and C~;) instead of aj, Vi' p(I), W(l), and C}lJ respectively, we duplicate the procedures performed for the primary level to obtain the fuzzy pattern Vii and the degree of confirmation. If necessary, the procedure can be repeated for more levels.
CRACK MODELS
According to actual investigations and suggestions reported in engineering publications (Lerch 1957 ; ACI Committee 224 1972; Beaufait and Hoadley 1973; Price 1974; ACI 1974) the primary causes of cracks in reinforced concrete structural elements can be classified into four primary-level parameters. These can be expressed as V = {Vir V 2 , V 3 , V 4 }, where VI represents causes related to the quality of the concrete material, V2 represents causes related to the procedure used to construct the concrete, V 3 represents causes related to environmental factors, and V 4 represents causes related to the applied loads. Each primary-level cause parameter and its subcauses are shown in Fig. 3 and in Tables 1-5. Cracks can be described on the basis of seven characteristics: how soon after casting they develop, their depth, their regularity, whether they appear only in a concrete member or throughout the overall structure, the type of member in which they appear, their patterns, and their locations. The first four of these characteristics will be referred to as primary-level characteristics and the other as secondary-level characteristics. The primary-level characteristics, QI = {ql' q2' q3, q4}, are shown in Table 6 , and the secondary-level characteristics, Q2 =: {qs, q6, Q7}, are shown in Table 7 . The fuzzy relation matrix R for each level is shown in Tables 8-12. All the data and characteristics of cracks can be extended properly by experts or experienced engineering.
APPLICATIONS
Three examples were used to verify the applicability of the model. The data used in these three examples are listed in Tables 8-12 .
Example 1
In a reinforced concrete structure, fine cracks occurred on the slab surface three days after casting. The cracks are random in nature and have no regularity.
The degree of confirmation for each of the crack characteristics was as follows: According to these crack characteristics (QJ =q12' q2 =: Q2l' q3 =: q32, q4 = Q41), four fuzzy patterns for the primary level were found in 
Example 2
In a reinforced concrete structure, cracks were found in wall surfaces one year after casting. The cracks were very deep and formed a regular pattern, like an X shape, near the center of the walls.
The degree of confirmation for each of the crack characteristics was as follows: CJs => qS3 .9 .1 .75 .9 .5 .75 .9
Therefore, the 5ause of cracking is related to applied loads %4 .75 .5 .75 .75 .5 .75 .9 (fuzzy pattern V 4 ), and the degree of confinnation is 75.6%.
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. Therefore, the cause of cracking is related to the concrete construction procedure (fuzzy pattern Y 2 ), and the degree of confirmation is 57.5%. On the secondary level there are 13 fuzzy patterns related to the concrete construction procedure. The fuzzy vector was formulated from Table 10 and P<2) as follows: .1
1. Cause-and-effect diagrams can be effectively used to establish a diagnostic model, particularly because they clearly depict the relationships among the causes of cracks and the characteristics of the cracks. 2. Fuzzy sets and fuzzy pattern recognition enable us to deal effectively with the ambiguity in diagnosing the causes of cracks. This ambiguity is almost impossible to solve using traditional mathematical models. 3. By combining fuzzy pattern recognition and cause-andeffect diagrams, one can narrow down the possible causes of crack formation . 4. If the data base, the weighted vector, and Hamming distance formula are valid, which depends on the data collected and the experience of the base designer, the proposed model produces reliable diagnostic results. The model offers an effective tool for diagnosing cracks in concrete structures and may be useful for professionals in the field of concrete engineering.
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